Introduction
The negative environmental impact of N 2 O on global warming and ozone layer depletion has raised much concern. The concentration of N 2 O in the atmosphere has been increasing at an annual rate of 0.2-0.3% since the industrial revolution.
1 Anthropogenic N 2 O emission comes from several chemical processes (e.g., nitric acid and adipic acid production) and fossil fuel/biomass burning. N 2 O can be decomposed into N 2 and O 2 over supported noble metal catalysts, bare or supported metal oxides, or zeolite-based catalysts. [2] [3] [4] [5] Rh-Based catalysts oen exhibit high activity at relatively low reaction temperatures. Rh species can exist in the form of metallic Rh or Rh 2 O 3 , depending on whether the catalysts are reduced or not. Typical supports for loading Rh species include bare metal oxides, [6] [7] [8] [9] [10] [11] [12] [13] [14] mixed/composite metal oxides, [15] [16] [17] [18] [19] [20] [21] zeolites, [22] [23] [24] and metal phosphates/hydroxyapatite.
25-27
Al 2 O 3 is both a support and a catalyst widely used in industry. Rh/Al 2 O 3 shows moderate catalytic activity in N 2 O decomposition. 8, 10, 11, 25 Attempts have been made to improve Al 2 O 3 -based Rh catalysts for N 2 O decomposition. For example, Haber et al. reported that the presence of alkali metal additives on Rh/Al 2 O 3 can lead to more active catalysts due to the improved dispersion of Rh species. 28 Parres-Esclapez et al. found that Sr can promote the activity of Rh/Al 2 O 3 due to the improved dispersion and reducibility of Rh species. 29 Zhao et al. reported that Rh/SiO 2 -Al 2 O 3 shows high activity, because oxygen desorption property is improved and Rh 0 species is stabilized. 30 Kim and co-workers reported that Rh/Ce-Al 2 O 3 is more active than Rh/Al 2 O 3 , due to increased surface area and improved reducibility of Rh species.
31
It has been reported that spinel phase has a strong interaction with noble metals, resulting in smaller size and better stability of supported noble metal particles, 32, 33 which is benecial for N 2 O decomposition. 22, 25, 28 High temperature calcination of Al 2 O 3 -supported metal nitrates is a convenient method to form spinel phase. [34] [35] [36] However, to the best of our knowledge, there has been no work dealing with N 2 O decomposition over Rh/M-Al 2 O 3 catalysts with spinel phase.
Herein, we prepared Zn-Al 2 O 3 supports by impregnating Zn(NO 3 ) 2 on commercial g-Al 2 O 3 powders followed by calcination. Rh/Zn-Al 2 O 3 catalysts were synthesized by impregnating Rh(NO 3 ) 3 onto Zn-Al 2 O 3 supports. The catalyst prepared under optimal conditions was found to be much more active than Rh/Al 2 O 3 and Rh/ZnO in N 2 O decomposition. The catalysts were characterized in detail, and reasons for the high activity of Rh/Zn-Al 2 O 3 were elucidated.
Experimental section
Preparation A calculated amount of Zn(NO 3 ) 2 $6H 2 O was dissolved in 20 mL deionized water in an agate mortar. Then, 1.98 g g-Al 2 O 3 powder (specic surface area ¼ 110 m 2 g À1 ) was added and the slurry was mixed sufficiently using an agate pestle, followed by drying under an infrared lamp. ) in an agate mortar and dried under a infrared lamp (theoretical Rh content is 1 wt%). The obtained powders were calcined at 500 C for 4 h.
Characterization
XRD patterns were recorded on a MSAL XD2 X-ray diffractometer using CuKa radiation at a scanning speed of 4 min
À1
, with voltage of 40 kV and current of 30 mA. BET surface areas were measured on a Micromeritics Tristar 3000 instrument. The samples were treated at 300 C in vacuum for 3 h, followed by N 2 adsorption at À196 C. ICP-OES was measured on a PerkinElmer OPTIMA 2100 DV optical emission spectrometer. 0.1 g sample was dissolved in a mixture of 3 mL HNO 3 , 9 mL HCl, 1 mL HClO 4 , 0.5 mL H 2 O 2 , and 3 mL HF reagents, followed by heating at 150 C for 2-3 h. Aer that, the sample was mixed with 1 mL HNO 3 , 3 mL HCl, 0.5 mL HClO 4 , and 1 mL HF again, and the mixture was transferred to Teon autoclave, heated at 180 C for 4 h, cooled to the ambient temperature, and then diluted with distilled water for analysis. Raman spectra were recorded on a HORIBA Jobin Yvon XploRA spectrometer. In order to avoid uorescence of ZnO, wavelength of exciting light was selected as 532 nm. TEM data were obtained by an FEI Tecnai G 2 F20 S-TWIN with an EDX instrument. All samples were measured under an accelerating voltage of 200 kV. XPS spectra were recorded on a Shimadzu/ Kratos AXIS Ultra DLD spectrometer with AlKa radiation as the excitation source. The C1s line (284.6 eV) was used as the reference to calibrate the binding energy. Rh dispersion was determined by CO chemisorption on a Micromeritics AutoChem II instrument, based on 1 : 1 stoichiometry (CO/Rh). 0.15 g Rh catalyst (40-60 mesh) was pretreated in He ow at 400 C for 1 h, and cooled to 30 C. Then, a pulse of 5% CO-He mixture was repeatedly injected into the reactor via a six-way valve until the CO signals from the thermal conductivity detector remained constant. He was used as the carrier gas. The volume of CO chemisorbed was determined by summing the fractions of CO consumed in each pulse. ) for 3 h, and heated in He (30 mL min À1 ) to 580 C at a rate of 10 C min À1 .
Catalytic tests
Catalytic activity of N 2 O decomposition was tested in a xed-bed ow microreactor. 0.5 g catalyst (40-60 mesh) was packed in a Ushaped glass tube (7 mm inner diameter) sealed by quartz wool. A gas stream of 0.5% N 2 O (balanced by He) owed through the catalyst at a rate of 60 mL min
À1
. The catalyst (rst kept at near room temperature) was exposed to the gas stream for 1 h during which the existing stream was periodically analyzed by a gas chromatograph (GC, Agilent 7890A) equipped with columns (Sepuco 6Q and Sepuco Q&5A, column temperature: 80 C) that can separate N 2 O, O 2 , and N 2 . The reaction temperature was then raised using a furnace and kept at various elevated temperature for 0.5 h in each temperature step. The exhaust was again periodically analyzed by the GC, and the conversion of N 2 O was calculated according to 
Results and discussion

Structural and physical properties
Rh/Zn-Al 2 O 3 -500 and Rh/Zn-Al 2 O 3 -800 catalysts were prepared by using different supports prepared by calcining Zn(NO 3 ) 2 / Al 2 O 3 in air at 500 or 800 C. The Zn and Rh contents are both xed to be 1 wt%. In addition, Rh/Al 2 O 3 -800 and Rh/ZnO-800 were also prepared for comparison. The Rh contents of these four catalysts are determined by ICP-OES as 1.1 wt%, 1.1 wt%, 1.0 wt%, and 1.0 wt%, respectively. The Zn contents of Rh/ZnAl 2 O 3 -500 and Rh/Zn-Al 2 O 3 -800 are determined as 1.1 wt% and 1.1 wt%, respectively, in accordance with the theoretical value. Fig. 1 However, the T 2g peak at 659 cm À1 is missing, in accordance with a previous report. 36 A possible explanation is that tetrahedron defects are induced into spinel structure by impregnating divalent metal cations onto g-Al 2 O 3 (a spinel-like structure with stoichiometric ratio of tetrahedron defects). ZnO lattice appears, indicating the formation of ZnO, as also revealed by XRD (Fig. 2) . Fig. 4 shows the TEM graphs of supported Rh catalysts. The size and morphology of Zn-Al 2 O 3 supports (Fig. 4a and b) are identical to those of Al 2 O 3 (Fig. 4c ). This conclusion is in line with the XRD patterns ( Fig. 1 ) and specic surface area data ( The homogeneous distribution of Rh and Zn on Rh/Zn-Al 2 O 3 -800 is shown by EDX-mapping (Fig. S3 †) . (Fig. S12 †) . Gas-switching experiments were conducted to know whether the inhibiting effect of O 2 , and H 2 O is reversible. Fig. 8 clearly shows that N 2 O conversion decreases almost immediately when 5% O 2 is co-fed into the reactor, but the conversion can be restored when stopping feeding O 2 . 2% H 2 O has a more obviously inhibiting effect, but such an inhibiting effect is also reversible. and Rh/ZnO-800, respectively) were chosen to control the N 2 O conversion below 15%. As shown in Fig. 9, a ), in accordance with a previous report. (Table 1) .
Discussion
The N 2 O decomposition activities of four catalysts follow the sequence of Rh/Zn-Al 2 O 3 -800 > Rh/Zn-Al 2 O 3 -500 > Rh/Al 2 O 3 -800 > Rh/ZnO-800 (Fig. 6) . The catalytic performance of the best catalyst (Rh/Zn-Al 2 O 3 -800) in this work is then compared with the performance of other catalysts. Aer comparing the catalytic activity, we then attempt to discuss why Rh/Zn-Al 2 O 3 -800 is more active than Rh/Zn-Al 2 O 3 -500, Rh/Al 2 O 3 -800, and Rh/ZnO-800. The structural properties of g-Al 2 O 3 are not signicantly altered by the incorporation of 1 wt% Zn, as seen from the micro-morphology (TEM, Fig. 4 ) and specic surface areas ( (Fig. 3) . XRD data also provide indirect evidence because Zn-Al 2 O 3 -800 supports with low Zn contents do not show ZnAl 2 O 4 peaks due to the low concentration of Zn, whereas Zn-Al 2 O 3 -800 supports with relatively high Zn contents show ZnAl 2 O 4 peaks clearly (Fig. 2) . Another piece of evidence showing the strong interaction between Rh 2 O 3 and ZnAl 2 O 4 comes from the H 2 -TPR data, as an additional reduction peak shows up at a higher temperature of 233 C (Fig. 10) .
As shown in XPS data (Fig. 5) , the binding energies of Rh 3d 5/2 follow the sequence of Rh/Zn-Al 2 O 3 -800 (309.3 eV) < Rh/Zn-Al 2 O 3 -500 (309.5 eV) < Rh/Al 2 O 3 -800 (309.6 eV), indicating the electronic properties of Rh species are altered by the supports. Rh/Zn-Al 2 O 3 -800 exhibits the lowest Rh 3d 5/2 binding energy among these catalysts, indicating the strongest shielding effect caused by the highest outer electron density. It has been reported that metaloxygen bonding energy is weaker in metal oxides with higher electron density, because the electron could ll into the empty orbit of oxygen. [60] [61] [62] [63] As a result, Rh 2 O 3 on Zn-Al 2 O 3 -800 is easier to be reduced due to the weaker bonding between Rh and oxygen (H 2 -TPR, Fig. 10 ). In the literature, the higher activity of catalysts in N 2 O decomposition has been correlated to the reduction behaviour of catalysts (more specically, the active components) in some cases. [64] [65] [66] [67] [68] That is not to say that these catalysts have to be reduced prior to the reaction testing. Rather, the enhanced reducibility means the weakening of the M-O bonds, which is expected to be important for N 2 O decomposition, i.e., the adsorbed oxygen can be desorbed from the catalyst more easily.
In another aspect, oxygen desorption is a key step in N 2 O decomposition, even rate-determining step in many cases.
2,10,24,56,69 If oxygen can not be smoothly desorbed from catalysts surface, the active sites will be occupied by oxygen, blocking the catalytic circle. As shown in Fig. 9 , the starting O 2 -desorption temperature follows the order of Rh/Zn-Al 2 O 3 -800 (233 C) < Rh/Zn-Al 2 O 3 -500 (298 C) < Rh/Al 2 O 3 -800 (313 C), in line with the notion that easy desorption of O 2 is benecial for catalytic N 2 O decomposition. 26, 27, 70, 71 In addition, the inhibition effect of O 2 (as seen from the oxygen reaction order, Fig. 8 ) on catalytic activity follows the sequence of Rh/Zn-Al 2 O 3 -800 < Rh/ Zn-Al 2 O 3 -500 < Rh/Al 2 O 3 -800 < Rh/ZnO, inversely correlating with the activity sequence of these catalysts.
Conclusions
Zn(NO 3 ) 2 was impregnated onto a commercial g-Al 2 O 3 support. The composite was then calcined in air at 500 or 800 C. The 
